Ménétrier disease and gastrointestinal stromal tumors (GISTs) are hyperproliferative disorders of the stomach caused by dysregulated receptor tyrosine kinases (RTKs). In Ménétrier disease, overexpression of TGF-a, a ligand for the RTK EGFR, results in selective expansion of surface mucous cells in the body and fundus of the stomach. In GISTs, somatic mutations of the genes encoding the RTK KIT (or PDGFRA in a minority of cases) result in constitutive kinase activity and neoplastic transformation of gut pacemaker cells (interstitial cells of Cajal). On the basis of the involvement of these RTKs in the pathogenesis of these disorders, Ménétrier disease patients have been effectively treated with a blocking monoclonal antibody specific for EGFR and GIST patients with KIT and PDGFRA tyrosine kinase inhibitors.
Ménétrier disease and gastrointestinal
stromal tumors: hyperproliferative disorders of the stomach Introduction Ménétrier disease and gastrointestinal stromal tumors (GISTs) represent 2 distinct gastric hyperproliferative disorders for which clinically beneficial targeted molecular therapeutics have been developed through increased understanding of the molecular mechanisms behind the disease. Table 1 compares and contrasts these 2 diseases and will be referred to throughout this Review. These conditions arise from dysregulation of different progenitor cell populations and highlight the importance of cellular context in the pathogenesis of proliferative disorders. Notably, enhanced signaling through the receptor tyrosine kinase (RTK) EGFR gives rise to Ménétrier disease, whereas somatic mutations of the genes encoding either of the RTKs KIT or PDGFRA result in GISTs. As we discuss here, understanding the underlying biology of these different conditions has led to the development of medical treatments that target the relevant dysregulated RTK. We believe that the development of new therapies to treat these diseases highlights the power of modern biology to rapidly translate scientific knowledge into new medical treatments.
Clinical features
Ménétrier disease. Ménétrier disease typically involves the fundus and body of the stomach but spares the antrum (Figure 1 ). This disorder is characterized by expansion of epithelial cells that constitute the surface mucous cell compartment. There are other hyperproliferative disorders of other epithelial cell compartments of the gastric mucosa. These include Zollinger-Ellison syndrome, which is characterized by expansion of the parietal cell mass due to the presence of gastrin-producing tumors, most often arising in the pancreas, and hyperplasia of entero-chromaffin-like cells in the setting of chronic acid suppression and increased gastrin levels. These entities will not be discussed further here, because their pathogenesis has not been linked to dysregulated RTKs. Ménétrier disease was first described by Pierre Ménétrier in 1888 (1) . It is thought to be a rare acquired disorder of uncertain etiology. Patients present with a unique constellation of signs and symptoms that include abdominal pain, nausea and vomiting, anemia (due to gastric blood loss), hypochlorhydria (due to markedly reduced, if not absent, numbers of parietal cells), and edema of peripheral tissues (due to leakage of protein across the gastric mucosa). There is an increased incidence of thrombotic events throughout the body, possibly due to a decrease in the intravascular volume. An upper endoscopy usually reveals copious amounts of thick mucus and diffusely enlarged folds of the stomach lining (likened by Ménétrier to cerebral convolutions) in the body and fundus with relative sparing of the antrum; the gastric pH is often alkaline. Although in adults it is a progressive disorder, there is a childhood form of the disease that resolves spontaneously and has been linked to infection with CMV (2). The average age at diagnosis in adults is 55, and the disease tends to be more common in men than in women. Ménétrier disease is thought to carry an increased risk of gastric cancer, but the magnitude of this risk is uncertain (3) (4) (5) (6) . Empiric treatment with anticholinergic therapy, octreotide, acid suppression, and prednisone, as well as eradication of Helicobacter pylori, has provided no consistent benefit. Partial or total gastrectomy is often recommended for patients with debilitating disease or for whom there is concern over the development of cancer.
Histologically, enlarged gastric folds in the body and fundus of the stomach of patients with Ménétrier disease show massive expansion of surface mucous cells (histologically referred to as foveolar hyperplasia) with reduced numbers of parietal cells and chief cells. Although parietal cells are relatively preserved in some cases, most cases show decreased numbers of these epithelial cells specialized to secrete gastric acid. The foveolae (small pits) are often tortuous and undergo cystic dilatation ( Figure 2 ).
The diagnosis of Ménétrier disease is difficult to establish with routine endoscopic superficial mucosal "pinch" biopsies; deeper "snare," or full-thickness, biopsies of the gastric mucosa are more informative. Diagnosis requires clinical and morphological correlation with the endoscopic findings, as hyperplastic gastric polyps can exhibit identical histological features in small biopsy samples. The foveolar epithelial cells contain diastaseresistant PAS-positive neutral mucin, as in normal stomach, and only minor changes in the distribution of the mucin proteins (MUC1-MUC7) are reported (7) . Inflammation in the lamina propria is modest, although the enlarged folds are subject to erosion and can show superficial ulcers with granulation tissue and an influx of neutrophils into the lamina propria. A patchy accumulation of eosinophils in the lamina propria is an underappreciated feature of Ménétrier disease, and eosinophils are sometimes the predominant inflammatory cell in the lamina propria (8) . The muscularis mucosae (the band of smooth muscle separating the mucosa from the submucosa) is thickened and disorganized, with strands of smooth muscle extending into the lamina propria, a finding that may be due to TGF-α overproduction, as well as prolapse of the enlarged folds.
GISTs. GISTs are the most common mesenchymal neoplasm arising in the abdomen (Table 1) (9-11). These tumors were previously classified as smooth muscle tumors, but in recent years it has become clear that they are clinically, pathologically, and molecularly distinct from other tumors and are much more common than previously appreciated. Unlike Ménétrier disease, GISTs can arise throughout the gastrointestinal (GI) tract, but the stomach is the most common site of origin for GISTs, accounting for 50%-60% of these tumors (9) (10) (11) . The second most common site is the small intestine (25%-30%), while smaller numbers of GISTs arise in the rectum (5%), esophagus (2%), and other abdominal locations (5%), including the appendix, gallbladder, pancreas, mesentery, omentum, and retroperitoneum (12, 13) .
Gastric GISTs have been identified in patients from 8 to 95 years of age. However, the peak age of diagnosis is around 60 in most series of patients studied, with less than 10% of the tumors discovered before the age of 40 (11) . There is a slight male predominance in adult patients, whereas most pediatric GISTs arise in girls. The incidence of GISTs was recently studied by Kindblom and colleagues in a well-defined population of 1.5 million in southern Sweden (12) . All diagnosed tumors that were potential GISTs between 1983 and 2000 were reexamined and, on the basis of this study, the annual incidence of GISTs was estimated at 20 cases per million. Using this estimate, the annual incidence in the United States is predicted to be 4,500 cases.
In contrast to Ménétrier disease, GISTs develop as submucosal masses ( Table 1 and Figures 1 and 2) . Primary gastric GISTs are generally between 2 and 30 cm in diameter at the time of diagnosis and can cause mass-related symptoms and anemia due to mucosal ulceration. In a study of a very large series of gastric GISTs recently published by Miettinen and colleagues (1,765 cases), 54.4% of patients presented with symptoms related to GI bleeding (most commonly anemia) (11) . A smaller fraction of patients presented with upper abdominal pain (16.8%), and the percentage of patients with tumor rupture and the need for emergency surgical resection was quite low (1.7%). GISTs are not uncommonly discovered as an incidental finding during radiologic imaging or as an unrelated condition during endoscopic, surgical, and autopsy procedures (11) .
Most GISTs are composed of a fairly uniform population of spindle-shaped cells (70% of cases) ( Figure 2E ). However, some GISTs are dominated by epithelioid cells (10% of cases) or contain a mixture of spindle and epithelioid morphologies (20%) (9, 13, 14) . Approximately 95% of gastric GISTs express the RTK KIT (also known as CD117). However, expression of other markers is more variable (for example, 70% express CD34 and 5% express desmin) (9) (10) (11) (15) (16) (17) . KIT, CD34, and desmin are a useful combination of markers for confirming the diagnosis of GIST in a morphologically typical case, with desmin serving mainly to rule out leiomyosarcoma (a smooth muscle tumor). It should be noted, however, that KIT -GISTs are now well documented in the literature (13) (14) (15) .
The treatment of choice for localized gastric GISTs is surgical resection. The goal of surgery is complete gross resection without rupturing the tumor, although this might not be possible in all cases. GISTs should be handled carefully to avoid tumor rupture, which can cause complications such as bleeding or tumor spillage. Tumor rupture is associated with a very high risk of intra-abdominal dissemination of tumor cells and subsequent tumor recurrence. In a series of 191 cases of GIST treated at the M.D. Anderson Cancer Center, patients whose complete resection was complicated by tumor rupture had a substantially shorter overall survival than patients who had complete resections without tumor rupture (18) (19) (20) . Indeed, the survival of patients with tumor rupture was similar to that of patients with incomplete surgical resection (18) (19) (20) . Until the year 2000, the only known "effective" treatment for metastatic GISTs was surgery, as chemotherapy and radiation treatments had no proven effective role in the treatment of advanced disease (21) . Most patients with such advanced GISTs have both peritoneal and hepatic metastases. Not surprisingly, the historical results of surgery for such patients have been extremely poor - essentially, disease recurs in all patients with a very short disease-free interval (20, (22) (23) (24) .
RTK dysregulation in the pathogenesis of Ménétrier disease and GISTs
RTKs are transmembrane glycoproteins that are activated by binding of their cognate ligands (25) . Ligand binding produces changes in protein conformation, resulting in activation of the cytoplasmic tyrosine kinase domain. The resultant kinase activation results not only in receptor autophosphorylation but also in the phosphorylation of downstream signaling proteins.
All RTKs have a similar structure consisting of a ligand-binding extracellular domain, a single-pass transmembrane domain, and a cytoplasmic domain that possesses tyrosine kinase activity. Different RTKs have unique extracellular protein sequences that contain different types of functional domains (for example, Ig-like domains in KIT and cysteine-rich domains in EGFR), and these confer ligandbinding specificity. By contrast, the cytoplasmic domain is highly conserved among RTKs, with a juxtamembrane domain, a catalytic domain, and a carboxy-terminal region. On the basis of homology of the extracellular and cytoplasmic domains, RTKs can be grouped into families. For instance, EGFR and related RTKs such as human EGF receptor 2 (HER2; also known as ERBB2) are classified as type I RTKs, whereas KIT is classified as a type III RTK (25, 26) .
EGFR is a 170-kDa transmembrane glycoprotein that functions as the receptor for 7 mammalian EGFR ligands that bind either exclusively to EGFR (TGF-α, EGF, amphiregulin, and epigen) or to EGFR and HER4 (heparin-binding EGF-like growth factor, betacellulin, and epiregulin). Ligand engagement results in receptor dimerization and kinase activation, a prerequisite for all subsequent signaling events ( Figure 3A ) (27) .
KIT is a 145-kDa transmembrane glycoprotein that functions as the receptor for SCF (28, 29) . KIT is closely related to the receptors for PDGF, M-CSF, and FMS-like tyrosine kinase 3 ligand (FLT3L) (26, 30) . KIT function is critical to the development of the interstitial cells of Cajal (ICCs), as well as hematopoietic progenitor cells, mast cells, and germ cells (30) . Binding of homodimeric SCF to KIT results in receptor homodimerization, activation of KIT tyrosine kinase activity, and phosphorylation of various substrates ( Figure 3B ) (28, 30) . In many cases, the substrates are themselves kinases that function as effectors of intracellular signal transduction (26) .
Activation of either EGFR or KIT kinase activity results in activation of a multitude of downstream intracellular signaling pathways. Of these pathways, the most important ones seem to be the MAPK pathway and the PI3K-AKT-mTOR pathway ( Figure 3 ). In many human cell types, activation of the MAPK pathway is closely linked to activation of cellular proliferation, whereas activation of the PI3K-AKT-mTOR pathway seems to be more important for avoiding apoptosis. However, there is substantial cross-activation of these pathways, and the biological consequence of pathway activation can depend on cellular context (25, 26) .
EGFR and Ménétrier disease. Formerly a disorder with an uncertain etiology, Ménétrier disease is now believed to result from
Figure 1
Anatomy of the human stomach. The inset provides more detail of the layers of the stomach wall and indicates the location of the myenteric plexus of Auerbach. Interstitial cells of Cajal (ICCs), which are specialized, spindle-shaped cells located in the gut wall that function as pacemaker cells and help regulate slow-wave peristalsis of the gut, form a network around the myenteric plexus of Auerbach and serve to regulate neural input to the smooth muscle cells of the muscularis propria. The ICC cell bodies lie in close proximity to myenteric nerves, whereas their processes extend deeply into the inner and outer layers of the muscularis, contacting individual myocytes. enhanced EGFR signaling in the gastric mucosa due to local overproduction of TGF-α (Table 1 ). Both TGF-α and EGFR are expressed in the normal gastric mucosa (31), with TGF-α being found predominantly in parietal cells and at the luminal surface of mucous cells in the body and fundus of the stomach. In isolated rabbit parietal cells, pretreatment with TGF-α resulted in a dose-dependent reduction of histamine-stimulated, but not carbachol-stimulated, acid secretion (32) . TGF-α has also been shown to stimulate growth of guinea pig gastric mucosal cells (33) and canine fundic epithelial cells (34) . Systemic administration of TGF-α protected the gastric mucosa from ethanol- and aspirin-induced gastric injury in rats (35) ; this cytoprotective effect was temporally linked to a dramatic increase in levels of insoluble gastric mucin. In separate studies, it was shown that sustained transgenic overexpression of TGF-α in the mammary glands of mice resulted in a series of premalignant changes that culminated in mammary adenocarcinoma (36, 37) .
Collectively, these observations indicate that overproduction of TGF-α in the stomach might contribute to the pathogenesis of Ménétrier disease, which is itself a premalignant hyperproliferative disorder of the stomach (Table 1) . Indeed, 15 patients with Ménétrier disease exhibited enhanced immunoreactivity for TGF-α in their expanded surface mucous cell compartment, despite a marked diminution in numbers of parietal cells (38) . Moreover, transgenic mice overexpressing rat TGF-α in the stomach (metallothionein-TGF-α [MT-TGF-α] mice) exhibited virtually all the features of Ménétrier disease, including foveolar hyperplasia with increased mucin staining and cystic dilatation, a marked reduction in numbers of chief cells and parietal cells, and reduced basal and histamine-stimulated rates of acid production (39) . A similar phenotype was observed in transgenic mice expressing human TGF-α in the stomach (40) (41) (42) .
It is important to emphasize that the precise underlying molecular defect that results in upregulation of TGF-α in Ménétrier disease is not known and that TGF-α is not overexpressed elsewhere in the bodies of individuals with Ménétrier disease. Although TGF-α immunoreactivity is increased in the expanded surface mucous cell compartment, expression of other EGFR ligands has not been studied. EGFR is not overexpressed in the gastric mucosa of individuals with Ménétrier disease, but a mutational analysis of EGFR in these individuals has not been performed. It is probable that there is host susceptibility to developing Ménétrier disease, with a genetic predisposition toward developing this disorder, as MT-TGF-α mice exhibit a Ménétrier disease phenotype on C57BL/6 and FVB backgrounds but no such phenotype on a CD1 background, even though the 2 groups of mice express equivalent levels of TGF-α (39, 42, 43) .
The childhood form of Ménétrier disease has been linked to infection with CMV (2) ( Table 1) . Clinical features in these cases include substantial edema of peripheral tissues at the time of presentation and spontaneous resolution of the disease over 2-4 weeks. It has been difficult to establish a clear etiological role for CMV in the pathogenesis of Ménétrier disease in children, because infection with CMV is common in children, and CMV can be a commensal organism in inflamed gastric mucosa. Rarely is there ironclad evidence of acute CMV infection by serology and CMV inclusions in the gastric mucosa (44) . It is nevertheless of interest that increased immunohistochemical staining for TGF-α in the involved gastric mucosa has been reported in a childhood case of CMV-associated Ménétrier disease (45) . Given the role for EGFR signaling in Ménétrier disease, a recent report that human CMV infects cells by interacting with EGFR and inducing downstream signaling adds biological plausibility to an etiological role for CMV in childhood Ménétrier disease (46) . This study (46) provided evidence that the principal envelope glycoprotein of CMV, glycoprotein B (gB), bound EGFR, inducing EGFR-HER3 heterodimers and activating the PI3K-AKT signaling pathway. This finding assumes possible clinical relevance since the CMV vaccine being tested is composed of gB (47) . Although it is not known whether gB alone is capable of inducing disease, gB-induced Ménétrier disease should at least be considered in individuals receiving the vaccine who develop upper GI symptoms and edema of their peripheral tissues.
KIT, PDGFRA, and GISTs. Hirota et al. made the seminal observation that activating mutations of KIT exon 11 (which contains the juxtamembrane domain) were present in most GISTs that they analyzed (48) . Subsequent studies have identified that KIT exon 11 mutations are indeed the most common GIST-associated kinase mutation and are found in approximately 70% of GISTs (12) . Activating mutations of KIT exon 9 (which forms part of the extracellular domain), exon 13 (which forms one lobe of the kinase domain), and exon 17 (which forms a second lobe of the kinase domain) are found in approximately 10%-15%, 1%, and 1% of GISTs, respectively (9) ( Table 1) .
Several lines of evidence support the hypothesis that activating mutations of KIT are the initiating event in most adult GISTs: first, KIT mutations are common in small, incidentally discovered GISTs; second, KIT mutation status does not correlate with pathological grade; third, germ-line activating KIT mutations are associated with heritable susceptibility to GIST; fourth, expression of mutant KIT in mice results in GISTs; and last, KIT mutations antedate cytogenetic abnormalities (49) (50) (51) (52) (53) .
KIT mutations, however, are not found in all GISTs. A small subset of GISTs have constitutively activating mutations in the gene encoding PDGFRA, an RTK homologous to KIT, whereas other GISTs lack detectable mutations in either KIT or PDGFRA (54) (55) (56) . This suggests that GIST oncogenesis is multifactorial and can be triggered by constitutive activity of KIT, PDGFRA, and other unknown molecular targets (9, 50, 54, 57, 58) . Interestingly, most GISTs with PDGFRA mutations arise in the stomach and manifest an epithelioid, rather than spindle, cell morphology (11, 54, 59) .
Overall, either KIT or PDGFRA mutations are found in 80%-90% of adult GISTs, and these mutations are mutually exclusive (that is, there are no reported cases of both KIT and PDGFRA mutations in the same tumor). The molecular pathogenesis
Figure 3
Schematic depiction of EGFR and KIT signaling. (A) Expression of TGF-α is upregulated in the gastric mucosa of patients with Ménétrier disease. Ligand binding results in a conformational change in the ectodomain of the receptor from a tethered intramolecular state to a dimer-competent state (27) . Homodimerization and/or heterodimerization with other EGFR family members results in activation of the intrinsic tyrosine kinase that phosphorylates, probably in trans, tyrosine residues (Y) in the cytoplasmic tail. Shown are the 7 autophosphorylation sites in the EGFR cytoplasmic tail. SH2-containing proteins bind these phosphorylated tyrosine residues to initiate a complex signaling cascade. GRB2 and SHC are reported to bind Y1068, Y1086, Y1148, and Y1173 (27) . Activation or inhibition of EGFR usually results in coordinate regulation of MAPK and AKT, which are linked to proliferation and cell survival, respectively. (B) SCF is the only known KIT ligand. Binding of homodimeric SCF to KIT results in receptor homodimerization, activation of the intrinsic tyrosine kinase domain, and trans-phosphorylation of cytoplasmic KIT tyrosine residues. Somatic mutation of exon 9, 11, 13, or 17 in GISTs results in constitutive, ligand-independent KIT activation. Depicted are 8 tyrosine autophosphorylation sites in the KIT cytoplasmic domain. SH2-containing proteins bind these phosphorylated tyrosine residues and are then phosphorylated on tyrosine residues by KIT to initiate a complex signaling cascade. Y823 is located in the KIT activation loop; phosphorylation of this residue helps stabilize the activation loop in the "active" state and allows binding of protein substrates to the active site. Activation of KIT results in coordinate regulation of MAPK and AKT (108).
of GISTs lacking kinase mutations remains unknown but is the subject of intensive investigation. From the standpoint of light microscopy and immunohistochemistry, these tumors are indistinguishable from GISTs with kinase mutations. However, as noted below, treatment with imatinib (a potent smallmolecule inhibitor of a group of RTKs that includes KIT and PDGFRA, as well as ABL kinases) is less effective for individuals with these tumors than it is for individuals with KIT-mutant GISTs (9, 60, 61) .
Pediatric GISTs represent a distinct clinicopathological entity from adult GISTs. Important differences between these entities include that pediatric GISTs have a strong association with female gender, have a nearly universal gastric origin with multinodular growth, have a high frequency of lymph node metastases (which is rare in adults with a GIST), have a lack of kinase mutations (<10% of cases), have an epithelioid morphology, have a typically slow pace of disease progression, and have a gene expression profile distinct from that of adult GISTs (59, 62) . The molecular pathogenesis of pediatric GISTs remains obscure but could conceivably be related to some of the mechanisms that give rise to adult GISTs that lack kinase mutations.
Ménétrier disease and GISTs as disorders of progenitor cells
Ménétrier disease. In the normal body and fundus of the stomach, the region in which progenitor cells are found (known as the progenitor zone) is located at the isthmus (also known as the neck) of the glands, whereas elsewhere in the GI tract the progenitor zone is located at the base of the glands. On the basis of a detailed radioautographic and electron microscopic analysis of the mouse fundus, Karam and Leblond identified the undifferentiated granule-free cell as the fundic stem cell (63) (64) (65) (66) (67) (68) . It is unlikely that this cell represents a true stem cell, as it exhibited the highest labeling index of the cells studied. Nevertheless, we are indebted to these investigators for describing the 10 lineages to which this cell gives rise ( Figure 4A) .
Normally, cellular proliferation in the body and fundus of the stomach is restricted to the progenitor zone in the isthmus ( Figure 4B ). From this region, precursor cells give rise to surface mucous cells that move to the luminal surface of the glands and that have a lifespan of 3-5 days, as well as to parietal cells that move predominantly down to the base of the glands and to mucous neck cells, which also migrate down and further differentiate into chief cells. Parietal cells and chief cells have long lifespans of 54 and 194 days, respectively, as calculated by Karam and Leblond (65) . Because of the long lifespan of gland cells, the normal pit cell/gland cell ratio is 1:4. This ratio is often reversed in individuals with Ménétrier disease, in whom there are increased numbers of surface mucous cells, and decreased numbers of parietal cells and chief cells ( Figure 4B) .
From serial analysis of the gastric mucosa of MT-TGF-α transgenic mice using proliferative and lineage-specific markers, we have seen no evidence of increased apoptosis among parietal cells and chief cells (69) . Rather, there is a dramatic increase in the number of surface mucous cells with a markedly expanded proliferative compartment that is repositioned down toward the base of the glands. This occurs in the setting of inappropriately normal levels of serum gastrin ( Figure 4B) . The MT-TGF-α mice and most of the Ménétrier disease patients that we have studied are hypochlorhydric but exhibit relatively normal levels of serum gastrin, a dis-tinctly abnormal finding in that an alkaline gastric pH is a potent stimulus for gastrin secretion (70) . We propose a model in which enhanced EGFR signaling in the presence of an inappropriately normal serum gastrin (known to be trophic for parietal and chief cells) expands and redirects gastric progenitor cells to production of surface mucous cell lineages at the expense of parietal cells and chief cells. In both TGF-α-overexpressing transgenic mice and patients with Ménétrier disease, we also see expression of products in the gastric body and fundus that are normally expressed in the antrum. These include pancreatic and duodenal homeobox gene 1 (PDX1), trefoil factor 2 (TFF2), and gastrin (71) . Therefore, there also seems to be repatterning of the oxyntic (acid-producing) mucosa toward an antral-gland phenotype.
GISTs. ICCs are specialized, spindle-shaped cells located in the gut wall that function as pacemaker cells and help regulate slow-wave peristalsis of the gut. ICCs form a network around the myenteric plexus and serve to regulate neural input to the smooth muscle cells of the muscularis propria. Inconspicuous on standard H&E-stained sections, ICCs can be highlighted by immunohistochemistry for KIT, revealing a distinctive, dendritic morphology. The cell bodies lie in close proximity to myenteric nerves, whereas their processes extend deeply into the inner and outer layers of the muscularis propria, contacting individual myocytes (Figure 1) (72) (73) (74) (75) .
GISTs have features in common with the myenteric plexus subtype of ICCs that are found in the stomach and intestines, including frequent expression of CD34, embryonic smooth muscle myosin heavy chain, the intermediate filament nestin, and PKC-θ (72) (73) (74) (75) (76) (77) (78) . Myenteric plexus ICCs fail to develop in mice that lack expression of KIT or its ligand, SCF, indicating that the SCF-KIT axis is essential to the development of these cells (79, 80) . Conversely, humans (or mice) with germ-line activating mutations of KIT (or Kit) have diffuse polyclonal ICC hyperplasia that gives rise to focal, clonally distinct GISTs (81) .
The anatomic distribution of kinase mutations and GIST tumors suggests that different regions of the gut contain populations of ICC that vary in their kinase dependency and/or underlying biology. For example, 98% of GISTs with KIT exon 9 mutations arise in the small or large intestine, whereas 98% of GISTs with PDGFRA mutations arise in the stomach (9) . In addition, both the type of kinase mutation and the anatomic site of origin influence the gene expression profile of GISTs (82, 83) . These observations are further supported by 2 different mouse models of GISTone with a knock-in of an activating Kit exon 11 mutation and the other with an activating Kit exon 13 mutation (52, 53) . Both models are characterized by diffuse hyperplasia of ICCs from the distal esophagus to the proximal duodenum, as well as in the colon and rectum, but no hyperplasia of ICCs in the small intestine (52, 53) . Therefore, there is geographic variation in the sensitivity of mouse ICCs to Kit mutations.
Molecular therapy of Ménétrier disease and GISTs
Ménétrier disease. The evidence supporting Ménétrier disease as a disorder of excess EGFR signaling led the United States FDA to approve a compassionate-use study of a month-long course of cetuximab (a monoclonal antibody that blocks ligand binding to the EGFR) for a 48-year-old man with Ménétrier disease who exhibited unremitting nausea and vomiting, edema to his waist, and hypoalbuminemia ( Table 1 ). The patient was not considered for gastrectomy because of the risk associated with anesthesia and surgery as a result of an underlying chronic disorder - primary pulmonary hypertension. After 1 day of treatment with cetuximab, the patient's nausea and vomiting markedly decreased, and after 1 month, there was dramatic clinical and biochemical improvement, including an increase in the serum albumin concentration, a decrease in the loss of protein in the stool, and the appearance of gastric parietal cells (84) .
In addition to providing clinical proof of concept, correlative studies using this patient's specimens allowed us to further test our hypothesis concerning dysregulated EGFR activation and derangement of gastric mucosal cell differentiation in the pathogenesis of this disorder (84) . Twenty-four hours after the initial dose of cetuximab, there was a dramatic decrease in proliferation in the involved gastric mucosa, as determined by a marked reduction in both active phosphorylated MAPK and the number of Ki67 + cells per glandular unit. Pretreatment serum gastrin was 82 (<100 being normal), despite a gastric pH of 7. Serum gastrin increased to 425 pg/ml 1 day after the start of treatment and remained high (591 pg/ml) 1 month later. In contrast to
Figure 4
Ontogeny of cell lineages in the normal gastric body and proposed model for the pathogenesis of Ménétrier disease. (A) In the isthmus, the stationary undifferentiated granule-free cell gives rise to pit and gland precursor cells that migrate and ultimately mature into surface mucous cells, parietal cells, and chief cells. The percentage of cells estimated to follow each differentiation pathway is indicated. The numbers in brackets indicate percentages of these progenitor cells that were found by Karam and Leblond to be proliferating; it was calculated that there was an approximately 3-day turnover time (the time required to replace the number of cells equal to the entire population) for these 4 cell types (65) . Lifespans of surface mucous cells, parietal cells, and chief cells have been calculated to be 3 days, 54 days, and 194 days, respectively (65) . Enteroendocrine cells also were thought by these investigators to emerge from the granule-free cell. (B) In Ménétrier disease, the progenitor compartment is expanded and repositioned at the base of the gland. We propose that this is due to increased signaling through EGFR and decreased levels of gastrin. There is expansion of the surface mucous cell compartment at the expense of parietal cells and chief cells. PDX1, pancreatic and duodenal homeobox gene 1; TFF2, trefoil factor 2.
decreased phosphorylated MAPK, there was increased total and phosphorylated AKT; however, this signal emanated from the emergent parietal cell population. After 1 month, there was a shift in the proliferative zone from the base upward toward a more normal location. These results are consistent with our model, which will be more rigorously tested in the analysis of additional patient samples to be collected in the context of an expanded clinical study (see below). The altered levels of serum gastrin generated by blockade of the EGFR suggest that there is likely to be local interplay between TGF-α, gastrin, and somatostatin in the stomach.
On the basis of this successful intervention, we have instituted a clinical trial using cetuximab to treat 10 Ménétrier disease patients with disease-related refractory symptoms who are considering gastrectomy as the remaining therapeutic option. To date, we have treated 5 patients, and all of them have exhibited marked clinical and biochemical improvement. One patient experienced no cetuximab-associated rash but clearly benefited from the drug. We recently reported results from the chronic treatment of 2 of these patients (85) .
GISTs. In the case of GISTs, in the late 1990s a number of investigators hypothesized that KIT mutations were the initiating event in most GISTs and served to support the proliferation and survival of advanced GISTs (48) . This hypothesis provided a rationale for the preclinical study of the small-molecule KIT inhibitor imatinib for treatment of GISTs (86, 87) . On the basis, in part, of these studies, imatinib was tested for treatment of advanced, unresectable GISTs (88) (89) (90) . It should be noted that, like in the case of Ménétrier disease, imatinib was originally tested in a single-patient proofof-concept study - the positive results from this patient were the impetus for the further clinical investigation of imatinib for treatment of advanced GISTs (Table 1) .
Imatinib reliably achieves disease control in 70%-85% of patients with advanced KIT + GISTs, and the median progression-free survival is 20-24 months (90) (91) (92) . Even more impressively, the estimated median overall survival time after initiation of imatinib therapy exceeds 36 months in all of the larger clinical studies performed to date (61, 92, 93) . These results are superior to historical data on either surgery or chemotherapy for the treatment of advanced GISTs. For example, in a large series of patients with advanced GISTs treated with front-line doxorubicin-based chemotherapy, the median survival was only 9 months (20) (21) (22) 92) .
In all of the above studies, imatinib at doses of 400-800 mg/d proved to be efficacious, well tolerated, and safe. On the basis of the results of a US-Finnish phase II GIST study and the clinical studies of imatinib for treatment of chronic myelogenous leukemia, imatinib was approved by the FDA for the treatment of unresectable and metastatic GISTs on February 1, 2002. Several excellent reviews provide additional details on the use of imatinib in the clinical management of GISTs (91, (94) (95) (96) .
In several studies, the likelihood of an objective clinical response to imatinib correlated with the underlying tumor genotype, with the highest response rates being seen in patients whose tumor had a KIT exon 11 mutation (60, 61, 97) . Patients with GISTs that expressed an exon 11 mutant isoform of KIT also had a longer median time to treatment failure and longer overall survival. By contrast, GISTs with no KIT mutation or with the PDGFRA D842V mutation were less likely to have favorable or durable responses to treatment with imatinib (60, 61, 97). More recently, Debiec-Rychter et al. have reported that patients whose GISTs harbor KIT exon 9 mutations have markedly improved progression-free survival when treated with 800 mg/d of imatinib, compared with the standard dose of 400 mg/d (60) .
Despite the dramatic efficacy of imatinib for treating advanced GISTs, most patients experience tumor progression (as the tumor becomes resistant to imatinib with a median time to progression of approximately 20 months) (88, 90, 92) . Imatinib resistance in GISTs can be divided into 2 broad categories - primary resistance (progression within the first 180 days after initiation of treatment) and secondary resistance. The molecular mechanisms underlying primary resistance are poorly understood. However, GISTs with PDGFRA D842V mutations, with KIT exon 9 mutations, or with no KIT or PDGFRA mutations are overrepresented in this group (60, 61, 97, 98) . By contrast, GISTs with secondary imatinib resistance typically acquire kinase mutations in either the drug/ATP-binding pocket (for example, KIT exons 13 and 14) or the kinase activation loop (KIT exon 17) that confer in vitro imatinib resistance (98) (99) (100) (101) . GIST cell lines with secondary kinase mutations of KIT remain dependent on KIT signaling and will undergo cell cycle arrest and/or apoptosis when KIT signaling is inhibited by downregulation of KIT expression or inhibition of KIT kinase activity by alternative small-molecule inhibitors such as sunitinib (98, 102, 103) . The clinical efficacy of sunitinib for the treatment of imatinib-resistant GISTs has been demonstrated in a placebo-controlled, double-blind phase III study (104) . The results of this study were the basis for the recent FDA approval of sunitinib for treatment of patients with imatinib intolerance and those who experienced tumor progression during imatinib therapy.
Future directions
Despite the clinical benefit provided by pharmacological blockade of the EGFR, many questions related to the cause and treatment of Ménétrier disease remain. Is Ménétrier disease one disorder or a spectrum of disorders? What is the underlying molecular defect? Are there activating mutations in EGFR? Do EGFR ligands other than TGF-α contribute to the disease phenotype? This analysis might be relevant since there is auto- and cross-induction of the EGFR ligands (105, 106) . What role does CMV have in the pathogenesis of Ménétrier disease? Is there a therapeutic role for smallmolecule EGFR tyrosine kinase inhibitors and selective inhibitors of TNF-α-converting enzyme (also known as ADAM17), which cleaves transmembrane pro-TGF-α at the cell surface to release the mature soluble ligand that binds and activates EGFR? These agents individually, and in combination, are being tested in patients with a number of solid tumors and might have clinical benefit in the treatment of patients with Ménétrier disease. Will pharmacological blockade of the EGFR completely reverse the disease process, and, if so, will the disease stay in remission after discontinuation of treatment? Another unresolved question is whether inhibition of EGFR signaling might reduce the risk of gastric cancer associated with the disease.
Despite the dramatic improvement in survival that imatinib treatment provides to patients with an advanced GIST, there is no clear evidence that any of these patients are cured by medical treatment alone. As surgery is the only proven curative treatment in this disease, it is rational to speculate that combining surgery with imatinib treatment might improve the cure rate for patients presenting with primary GISTs. A number of organizations are conducting studies of adjuvant and/or neoadjuvant imatinib with the goal of answering the following questions: Does the combination of surgery and imatinib increase the cure rate? If so, which group of patients benefits from combined treatment? What is the optimal timing of imatinib treatment in relation to surgery? What are the optimal dose and duration of imatinib treatment? Another major challenge in this field is to develop new treatments for patients with resistance to first- and second-line kinase inhibitors. Not surprisingly, the median time to progression on second-line sunitinib is much shorter than that on front-line imatinib treatment (104) . Therefore, there is a growing population of patients in whom both drugs have failed who are in need of other medical treatments. There are a large number of studies being conducted for treatment of refractory GIST; these studies are examining the efficacy of novel KIT inhibitors and/or inhibitors of downstream targets (for example, inhibitors of the PI3K-AKT-mTOR signaling pathway). Ultimately, front-line combination therapy might prove to be the optimal medical strategy, but this hypothesis has yet to be tested in the clinic. Finally, it is hoped that identification of the pathogenetic mechanisms underlying the development of adult and pediatric GISTs with no KIT or PDGFRA mutations will lead to the development of more effective treatments for this subset of GIST patients. We speculate that these mechanisms will also have relevance for the treatment of adults with kinase-mutant GISTs.
In conclusion, we note that Ménétrier disease and GISTs are both rare diseases. In the United States, a rare disease is defined as one that affects less than 200,000 individuals (http://www.rarediseases.org). By this definition, there are 6,000 rare diseases in this country and more than 25 million Americans affected. We submit that the study of these 2 rare disorders, Ménétrier disease and GISTs, has provided insights into disease pathogenesis and has led to effective treatments based on that understanding. Finally, we are reminded what William Harvey wrote in a letter to a Dutch physician 2 weeks before his death in 1657 (107):
"Nature is nowhere accustomed more openly to display her secret mysteries than in cases where she shows traces of her workings apart from the beaten path; nor is there any better way to advance the proper practice of medicine than to give our minds to the discovery of the usual law of Nature, by careful investigation of rarer forms of disease."
